Because of the serious consequences of turbomachinery erosion on their performance and life, it is important to have reliable methods for predicting their erosion when solid particles are ingested with the incoming flow. This is a very challenging problem since turbomachinery erosion is affected by many factors such as blade passage geometry, blade row location, rotational speed flow conditions, blade material and particles' characteristics. Several studies which are essential to predicting blade surface erosion intensity and pattern, have been conducted at the University of Cincinnati's Propulsion Laboratory over the past twenty-five years. This paper describes only some of the work done on erosion testing at high temperatures and velocities for different materials and coatings. The testing has been performed with a special high temperature erosion wind tunnel which simulates the aerodynamic conditions on the blades. The coated substrates reveal one order of magnitude less wear compared to some commercial non-CVD coatings on the same alloys. This study demonstrates that some coatings provide an excellent erosion resistance to INCO 718, INCO 738, MAR-246, X-40 and Tungsten Carbide.
Introduction
The major problem confronting developers of coal-burning boilers, fluidized beds and turbines is the serious erosion of the system components by the suspension of fly ash in the hot combustion gases. A permanent loss of performance is associated with the surface erosion, which is caused by particle-surface impacts. The performance loss depends upon the location and the condition of the deteriorated surfaces. These are critical to the aerodynamic performance of turbine blades which are particularly sensitive to the blade leading, the trailing edge configuration and the condition of the blade surface roughness. Computer codes are used to model the particle dynamics in turbomachinery flow fields through the various blade rows, and to determine the particle impact conditions with the various surfaces, which affect their erosion. The codes, however, require empirical equations for particle restitution characteristics [1, 2] to represent the effect of particle-surface interaction on the particle trajectories and the resulting surface erosion.
Nickel and cobalt base superalloy blades and vanes are widely used in the hot section of gas turbines. Protective coatings have been used to enhance superalloy resistance to hot erosion/corrosion. The most widely used coatings are those based on the NiAl (on nickel base superalloys) and CoAl (on cobalt base superalloys) formed by interaction of superalloy surfaces with aluminum. To improve the resistance to hot erosion/corrosion, ahiminide coatings are modified to contain elements such as chromium, platinum, rhodium and silicon. The objective of this research work is to investigate the basic erosion processes and fluid mechanics associated with the material degradation in the components of various coal conversion and utilization systems. This is accomplished through a study of the rebound characteristics of particles impinging on various surfaces and through the measurement of erosion rates of materials and coatings exposed to high temperature gas-particle flows. The overall goal is to develop a quantitative model, which will facilitate the prediction of erosion in systems operating in particulated environments.
Experimental Set-Up Erosion Wind Tunnel
The high temperature erosion test facility was designed to provide erosion data in the range of operating temperatures experienced in compressors and turbines. In addition to the high temperatures, the facility properly simulates all the erosion parameters which were determined to be important from an aerodynamic point of view. These parameters include particle velocity, angle of impact, particle size, particle concentration and sample size. Close attention was given to the aerodynamic effects to insure that important parameters, such as the angle of impact, are not masked or altered.
A schematic of the erosion test facility is shown in Fig. 1 . It consists of the following components: particle feeder (A), main air supply pipe (B), combustor (C), particle preheater (D), particle material sample temperature strongly influence the erosion rate. These parameters were varied in the present test program for different tested materials listed in Tables 1 and 2 . The particle velocity was controlled by varying the tunnel air flow. The particle impingement angle was set by rotating the sample relative to the flow stream direction. The sample temperature was varied by heating the flow stream which heats the sample to the desired temperature. The experimental measurements were obtained for fly ash particles with impact velocities ranging between 183 and 366 m s4 at temperatures ranging from ambient to 815°C. Table 3 lists fly ash chemical composition. Flat rectangular specimens were used in the tests. The specimens were 25.4 mm long, 12.7 mm wide and 6.35 mm thick. 
injector (E), acceleration tunnel (F), test section (G), and exhaust tank (II).
AIR SUPPLY (B)

Fig. 1. Schematic of Erosion Test Facility.
The equipment functions as follows. A measured amount of abrasive grit of a given mixture of constituents is placed into the particle feeder (A). The particles are fed into a secondary air source and blown up to the particle preheater (D), and then to the injector (E), where they mix with the main air supply (B), which is heated by the combustor (C). The particles are then accelerated by the high-velocity air in a constantarea steam-cooled duct (F) and impact the specimen in the test section (G). The particulate flow is then mixed with the coolant and dumped in the exhaust tank. Figure 1 shows that the tunnel geometry is uninterrupted from the acceleration tunnel into the test section. In this manner the particle laden flow is channeled over the specimen and the aerodynamics of the fluid passing over the sample are preserved.
A detailed description of the wind tunnel and the particle feeder is given in reference [3] .
Test Conditions and Tested Materials
It is well known that particle velocity, particle impingement angle, particle characteristics, and The erosion tests were conducted to obtain two types of erosion data, namely the erosion rates and the cumulative erosion mass loss for the superalloys and coatings listed in Tables 1 and 2 . The erosion rate is defined as the ratio between the change in the sample mass and the mass of the impacting particles. The erosion rate tests were carried out in one cycle using 100 g of particles impacting the sample surface. The cumulative erosion macs-loss tests, on the other hand, were conducted in multiple cycles. In each cycle, the specimen was impacted by a preweighed increment of particle mass. After each particle-mass increment had impacted the sample, its surface was cleaned, the specimen was weighed, and the change in specimen mass was recorded. The erosion rate for each successive particle increment was determined from the relation:
erosion rate change in mass of sample mass of impacting particles
The cumulative mass erosion tests were conducted only at the impact angles corresponding to maximum erosion.
Erosion Test Results for Sunerallovs
INCO 738 Alloy:
INCO 738 is a nickel based alloy. The variation of the erosion rate of this alloy with impingement angles is shown in Fig. 2 for different impact velocities and 482°C temperature. This figure indicates the ductile behavior of INCO 738 superalloy, with maximum erosion rate at 30° impingement angle. This figure illustrates that the erosion rate is strongly dependent on the particle velocity.
Fig. 2. INCO-738 Erosion Rate Variation with
Impingement Angle at Different Velocities; T = 482°C, Fly Ash.
X-40 Superalloy:
The variation of the erosion rate of cobalt based X-40 superalloy with the impingement angle is shown in Fig. 3 
MAR-M246 Superallov:
The erosion behavior of nickel based MAR-M246 superalloy is shown in Fig. 5 for erosion rate variation with the impingement angle for different velocities (183, 244 and 305 m s 1 ). It is clear that at these conditions, MAR-M246 exhibits a ductile erosion pattern with maximum erosion rate at 30-45°. Figure 6 shows the erosion rate versus the impingement angle at the same material operating conditions at temperature 815°C and impact velocity 366 m . The maximum erosion rate at these conditions is 3.3 mg gl at 45° impact angle. 
Erosion Test Results for Coatings
"N" Coatings:
The "N" coating is a nickel base aluminide that was applied to nickel base M246 superalloy. The erosion rate variation with the impingement angle for "N" coating is shown in Fig. 7 . Inspection of this figure reveals that this material exhibits a ductile erosion pattern, with maximum erosion at 45° (0.6 mgm/g) at 815°C temperature. 
RT22 Coating:
This coating is a platinum aluminide that was applied to nickel based MAR-M246 superalloy. form of ductile erosion with a peak at 30°. Comparing Figs. 8 and 7, one can conclude that the platinum content in the aluminide coating enhances the erosion resistance. The erosion rate is reduced to less than half the erosion rate of the "N" ahiminide coating. In addition, the angle at which maximum erosion occurs is 30°. This coating has a long life and is very effective in protecting against erosion at high temperatures and high velocities.
Fig. 8. RT22 Coating Erosion Rate Variation with
Impingement Angle, Fly Ash.
RT22B Coating:
This coating is rhodium platinum aluminide that was applied to MAR-M246 superalloy. The effect of the impingement angle on the erosion rate is shown in Fig. 9 , which indicates a maximum erosion rate at 30° impingement angle. The rhodium in the coating decreases the material erosion resistance. 
RT44B Coating:
This coating is rhodium platinum aluminide applied to cobalt based X-40 superalloy. The erosion test results of Fig. 10 indicate that this coating exhibits very good erosion resistance compared to the base material (Fig.  4) . The erosion rates of RT44B coating indicate that the increase of rhodium content decreases the erosion resistance slightly for rhodium platinum aluminide. 
Erosion Test Results and Discussion for CVD Process Coatings
The TiC coating on Ni-based superalloys prepared by a CVD process exhibits fine grained structure which was observed by SEM [4, 5] .
Impingement Angle Effect:
Variation of the erosion rate with the impact angle is shown in Fig. 11 for both the CVD coatings and the substrate (Tungsten Carbide). The erosion rate passes through a maximum at 90° which indicates the brittle nature of these materials. Although the impact angle has a significant influence on the erosion rate of the substrate, its effect on the coating erosion rates was insignificant for impact angles greater than 30. This behavior might be attributed to the fine-grained structure of the CVD coatings. Figure 11 also reveals that the CVD coatings are superior to the cemented tungsten carbide substrate at all angles. The erosion of TiC and TiN coatings are one order of magnitude less than the erosion rate of the substrate. The results indicate that the TiC coating offers the best erosion resistance followed closely by the TiN coating. To analyze the temperature effect on the CVD coatings, the specimens were tested at 90° impact angle and 140 m s1 particle velocity for different temperatures. Figure 12 presents the plot of the measured erosion rate variation with temperature for both CVD coatings and substrate. The results show that the temperature has a very weak effect on the erosion rate of Al203 and TIN coatings, and the substrate. Initially, the TiC coating erosion rate decreases with increasing temperature; it then reaches a minimum at 260°C after which it remains constantThe TiC erosion rate at temperature 650°C is much lower than in ambient temperature as shown in Fig. 12 .
Summary and Conclusions
Uncoated INCO 718, INCO 738, MAR-246, X-40 and Tungsten Carbide were tested in an erosion wind tunnel. The acquired results characterized the tested materials exposed to high temperature erosion by fly ash and alumina. The effect of the impact angle, particle velocity and temperature on the erosion rate of the studied alloys have been experimentally investigated. The uncoated substrates exhibit ductile erosion patterns. It was established that for equal temperature and impact velocity, the erosion rate for the above alloys are similar Comparing the maximum erosion rates at 815°C, 366 m/s of the superalloys coatings investigated, the aluminide coated sample (N) is less than one-third the erosion rates of the substrate M246. Platinum aluminide coatings (RT22, RT22B and RT44B) indicate that platinum content enhance the erosion resistance of the aluminide coatings. TiC, TiN and Al203 ceramic coatings were prepared and applied to a cemented tungsten carbide substrate using a CVD technique. The erosion rate of the coatings was measured for angular-shaped alumina particles impacting on the coated samples under different conditions. The TiC coating offers the best erosion resistance, followed closely by the TiN coating. The impact angle and temperature have a slight effect on the coating erosion rate for TiC, TiN and Al203. There was no evidence of coating deformation, cracking or spalation. The data obtained for the TiC coating showed one order of magnitude less erosion rate compared to the uncoated metals. The results indicate that CVD coatings provide excellent protection in the particulate flow environment.
